Introduction
============

The invention of polymerase chain reaction (PCR) revolutionized the field of biological research and molecular diagnostics, since specific target sequence in genome can be amplified to detectable levels within a few hours ([@B13]; [@B17]). In order to achieve amplification, the PCR technology employed a cyclic three key steps: initiation, annealing and elongation, all of which interplay with a decreasing or increasing temperature ([@B14]). The PCR amplification products were detected by electrophoresis on agarose gels with ethidium bromide staining ([@B10]; [@B18], [@B19]). However, the post detection procedure was time-consuming, required additional equipment and reagents, and did not allow real-time detection, posing an obstacle for rapid analysis of nucleic acid sequences.

In order to overcome PCR limitations, real-time PCR technology, which has been devised in many molecular biology and clinical laboratories for rapid analysis applications, effectively alleviated the use of a post-PCR analysis and became an appealing alternative to the conventional PCR ([@B1]; [@B4]). The real-time PCR can monitor the PCR products formation continuously in the entire amplification by measuring the fluorescent signal yielded by intercalating dyes or specific dual-labeled probes ([@B9]). In the last 15 years, many fluorescent systems have been established for real-time PCR, and the most commonly used real-time PCR chemistries were double-stranded DNA (dsDNA) intercalating molecules (such as SYBR green) and fluorophore-labeled oligonucleotides (such as primer-based probes and double-dye probes; [@B16]). The dsDNA-binding fluorescent dye, which could bind any dsDNA, displayed several disadvantages for nucleic acid sequence analysis, for example detection of non-specific amplification products, high tendency to inhibit PCR at higher concentration and preferential binding to specific DNA sequences ([@B5]). The use of primer-based probes (such as hairpin primer-probes) could generate amplification of unspecific products or dimer-primers during the PCR reaction ([@B15]). The technologies involving double-labeled probes, such as TaqMan and molecular beacon probes, could complicate design of the fluorescent oligonucleotide probe for real-time measurement of specific amplified products ([@B1]). Herein, an alternative technique, which can overcome the technical difficulties posed by current real-time PCR assays, is in continuous demand.

In this report, a novel mode of real-time PCR, termed endonuclease restriction-mediated real-time polymerase chain reaction (ET-PCR), was devised, which achieved the analysis of nucleic acid sequences with easy design, low contamination risk, high reproducibility, sensitivity and specificity. The ET-PCR system merges endonuclease restriction digestion and real-time fluorescence detection with PCR chemistry, which can simultaneously detect and differentiate multiple targets in a single reaction in a relatively short period. Here, we expound the basic ET-PCR principle and demonstrate an application of the novel methodology.

Materials and Methods {#s1}
=====================

Design of ET-PCR Primers
------------------------

Based on the *ply* gene (GenBank accession EF368014) of *Streptococcus pneumoniae* (*S. pneumoniae*), *nuc* gene (GenBank accession EF529597) of *Staphylococcus aureus* (*S. aureus*) and *Ef0027* gene (GenBank accession 1198935) of *Enterococcus faecalis* (*E. faecalis*), three sets of ET-PCR primers were designed by primer software PRIMER PREMIER 5.0 according to the mechanism of ET-PCR (**Figure [1](#F1){ref-type="fig"}**; [@B2]; [@B11]; [@B21]). In order to achieve the simultaneous amplification in the same conditions and multiplex reactions, three sets of ET-PCR primers were designed to have similar physical characteristics. The melting temperatures of three sets of primers were between 58.8 and 63.2°C, the lengths of the primers between 20 and 26 bp, and the amplicon sizes ranged between 80 and 93 bp. Blast analysis validated that three sets of primers were specific for *S. pneumoniae, S. aureus*, and *E. faecalis*. The reporter dyes used were HEX, Cy5, and FAM, which could be analyzed in real-time system (Rotor-Gene Q, Qiagen) that was selected for conducting the ET-PCR reactions. The quenching dyes used were Black Hole Quencher-1 and Black Hole Quencher-2, which could prevent the emitted fluorescence of the reporter dyes. The design, locations and sequences of ET-PCR primers were displayed in **Figure [2](#F2){ref-type="fig"}** and **Table [1](#T1){ref-type="table"}**. All of the oligomers were synthesized and purified by Tian-Yi Biotech (Beijing, China).

![**Reaction mechanism of endonuclease restriction-mediated real-time polymerase chain reaction (ET-PCR). (A)** The schematic depiction of a new forward/reverse primer (EF/ER). EF/ER primer, which is an extension of the conventional forward (F)/reverse (R) primer with a short sequence (Ss, 5′-TCGCG-3′, its complementary sequence termed Cs) at the 5′ end, contained a reporter dye (R) at the 5′ end and a quencher dye (Q) in the middle. Due to their close proximity, the fluorescence emitted from the reporter molecules was quenched by the quenching dye. **(B)** Outline of ET-PCR chemistry, with EF and R primers. For clarity, the ER primer was not listed. Firstly, the double-stranded DNA was denatured into single-stranded DNA at high temperature, and the two single-stranded synthetic primers (EF and R) annealed to the target DNA strands (Steps 1--3). The EF primer was extended and the newly synthesized product entered a cyclic two steps process, thus a target double-trended terminal sequence was formed (Steps 4--6). BstUI cleaves the sequence 5′-TCG-3′ and its Cs, and the reporter molecule was separated from the quenching molecule leading to a gain of fluorescent signal (Step 7). The double-trended DNA (Step 7) was used as templates for further RT-PCR amplification, resulting gain of exponential fluorescence signals (Cycle1, Steps 8--11). For the R primer, the reaction process was similar to EF primer, and the fluorescence signals also were released in the amplification process (Steps 11--15). The ET-PCR process was repeated in each cycle without influencing with exponential synthesis of the PCR products.](fmicb-07-01104-g001){#F1}

![**The scheme lists the design and sequences of three sets of ET-PCR primers. (A1)**, **(B1)**, and **(C1)**: The nucleotide sequences of the sense strand of *ply* gene (part), *nuc* gene (part) and *Ef0027* gene (part) are shown. The locations of the primer sites are marked in red, right and left arrows indicate the sense and complementary sequences that are used. **(A2)**, **(B2)**, and **(C2)**: The modifications and sequences of three EF primers. The restriction enzyme recognizing sites are underlined.](fmicb-07-01104-g002){#F2}

###### 

Primers used in this study.

  Primer name^a^   Sequences and modifications                     Length   Genes
  ---------------- ----------------------------------------------- -------- ----------
  S.p-F            5′-TTCTGCAGAGCGTCCTTTGGTCT-3′                   23 nt    *ply*
  S.p-R            5′-CACTCTTACTCGTGGTTTCCAACTTG-3′                26 nt    
  S.p-EF           5′-Hex-TCGCG-TTCT(BHQ1)GCAGAGCGTCCTTTGGTCT-3′   28 mer   
  S.a-F            5′-TGTACAAAGGTCAACCAATGACA-3′                   23 nt    *nuc*
  S.a-R            5′-CAGGACCATATTTCTCTACACCT-3′                   23 nt    
  S.a-EF           5′-Cy5-TCGCG-TGT(BHQ2)ACAAAGGTCAACCAATGACA-3′   28 mer   
  E.f-F            5′-GCCACTATTTCTCGGACAGC-3′                      20 nt    *Ef0027*
  E.f-R            5′-GCTCTGCACCGATTGGACGA-3′                      20 nt    
  E.f-EF           5′-FAM-TCGCG-GCCACT(BHQ1)ATTTCTCGGACAGC-3′      25 mer   

a

F, forward; R, reverse; EF, the new Forward; S. p,

S. pneumonia

; S. a,

S. aureus

; E. f,

E. faecalis

.

Bacterial Strains and DNA Extraction
------------------------------------

Of the total of 113 stock strains used in this study were shown in **Table [2](#T2){ref-type="table"}**. These strains were stored in 10% (w/v) glycerol broth at -70°C, and refreshed three times on blood agar at 37°C. Then, all strains were applied to enrich and extract genomic DNA templates according to the manufacturer's instructions (QIAamp DNA minikits; Qiagen, Hilden, Germany). The extracted genomic templates were determined with ultraviolet spectrophotometer (NanoDrop ND-100, QingDaShiKe, Beijing, China) at A260/280 and stored at -20°C before they were used.

###### 

Bacterial strains used in this study.

  Bacteria                             Serovar/species   Strain number (source of strain)^a^   Number of strains
  ------------------------------------ ----------------- ------------------------------------- -------------------
  *Streptococcus pneumoniae*           19A               ATCC700674                            1
                                       14                ATCC6314                              1
                                       19F               ATCC49619                             1
                                       35B               ATCCBAA660                            1
                                       23F               ATCC700669                            1
                                       6A                ATCCBAA659                            1
                                       6B                ATCCBAA658                            1
                                       1                 NCTC7465                              1
                                       5                 ICDC-SP112007                         1
                                       23A               ICDC-SP028                            1
                                       6C                ICDC-SP0261                           1
                                       3                 ICDC-SP31003                          1
                                       18C               ICDC-SPM241                           1
                                       9V                ICDC-SP0269                           1
                                       9N                ICDC-SP0282                           1
                                       15B               ICDC-SP0277                           1
                                       U                 Isolated strains (ICDC)               28
  *Staphylococcus aureus*              U                 ICDC-NPSau001                         1
                                       U                 ICDC-NPSau002                         1
                                       U                 ICDC-NPSau003                         1
                                       U                 ICDC-NPSau004                         1
                                       U                 ICDC-NPSau005                         1
                                       U                 Isolated strains (ICDC)               20
  *Enterococcus faecalis*              U                 ATCC51299                             1
                                       U                 ATCC35667                             1
                                       U                 Isolated strains (ICDC)               20
  *Enterotoxigenic Escherichia coli*   U                 Isolated strains (ICDC)               1
  *Enteroaggregative E. coli*          U                 Isolated strains (ICDC)               1
  *Enteroaggregative E. coli*          U                 Isolated strains (ICDC)               1
  *Enteroinvasive E. coli*             U                 Isolated strains (ICDC)               1
  *Enterohemorrhagic E. coli*          U                 EDL933                                1
  *Plesiomonas shigelloides*           U                 ATCC51903                             1
  *Enterobacter cloacae*               U                 Isolated strains (ICDC)               1
  *Enteropathogenic E. coli*           U                 ATCC35667                             1
  *Yersinia enterocolitica*            U                 ATCC23715                             1
  *Bntorobater sakazakii*              U                 Isolated strains (ICDC)               1
  *Vibrio cholerae*                    U                 Isolated strains (ICDC)               1
  *Shigella boydii*                    U                 Isolated strains (ICDC)               1
  *Shigella flexneri*                  1d                ICDCNPS001                            1
  *Vibrio parahaemolyticus*            U                 Isolated strains (ICDC)               1
  *Enterotoxigenic faecium*            U                 ATCCBAA340                            1
  *Listeria monocytogenes*             4a                ATCC19114                             1
  *Vibrio vulnificus*                  U                 Isolated strains (ICDC)               1
  *Samonella*                          U                 Isolated strains (ICDC)               1
  *Campylobacter jejuni*               U                 ATCC33291                             1
  *Pseudomonas aeruginosa*             U                 Isolated strains (ICDC)               1
  *Bacillus cereus*                    U                 Isolated strains (ICDC)               1

a

U, unidentified serotype; ATCC, American Type Culture Collection; NCTC, National Collection of Type Cultures; ICDC, National Institute for Communicable Disease Control Disease Control and Prevention, Chinese Center for Disease Control and Prevention.

The Standard ET-PCR Reaction
----------------------------

Amplification reaction mixtures of ET-PCR were carried out in a 25 μl reaction volume containing 0.4 μM EF, 0.4 μM R primer, 12.5 μl 2 × Premix (Takara Bio, Inc., Otsu, Japan) Ex Taq TM, 1.5 μl (15 U) of BstUI endonuclease, and 1 μl of DNA template. The assays were conducted using the PCR settings of pre-denaturation at 95°C for 60 s, 40 cycles of denaturation at 95°C for 5 s, and extension at 60°C for 40 s in real-time system (Rotor-Gene Q, Qiagen). Fluorescence readings were obtained using HEX, Cy5, and FAM channels. In order to further confirm the correct amplification of ET-PCR, additional strategy was chosen for analyzing the amplification products. The reaction products were analyzed by electrophoresis on 2% agarose gels with ethidium bromide staining. The reaction mixtures without genomic templates were used as a negative control.

Evaluation of ET-PCR Assay Sensitivity
--------------------------------------

In order to test the analytical sensitivity of ET-PCR assay, ET-PCR were performed using serial dilutions (2.5 × 10^7^, 2.5 × 10^6^, 2.5 × 10^5^, 2.5 × 10^4^, 2.5 × 10^3^, 2.5 × 10^2^, 2.5 × 10^1^, and 2.5 × 10^0^ fg per microliter) of pure *S. pneumonia* (ATCC 700674), *S. aureus* (ICDC-NP001) and *E. faecalis* (ATCC 51299) genomic DNA templates. The genomic templates (1 μl) were added into the ET-PCR mixture and at least four replicates of each dilution were tested to define the limit of detection (LoD) of ET-PCR approach. Mixtures without DNA templates were selected as a negative control.

In this report, we compared the LoD of ET-PCR technique with qPCR (SYBR Green) and end-point PCR assays, and the serial dilutions of pure genomic DNA templates described above were applied to perform the qPCR and PCR amplifications. The qPCR reactions were performed in a final volume of 25 μl reaction volume containing 0.4 μM F, 0.4 μM R primer, 12.5 μl 2 × SYBR^®^ Premix Ex Taq^TM^ II (Takara Bio, Inc., Otsu, Japan) and 1 μl of DNA template. The qPCR reactions were conducted using the PCR settings of pre-denaturation at 95°C for 30 s, 40 cycles of denaturation at 95°C for 5 s, and extension at 60°C for 30 s in real-time system (Rotor-Gene Q, Qiagen). The reaction mixtures without genomic templates were used as a negative control.

End-point PCR reaction was carried out in a final volume of 20 μl containing 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl~2~, 0.001% gelatin, 0.2 mM each of dNTPs, 0.4 μM each of F and R primers, 1 μl genomic templates, and 0.5 units of Taq DNA polymerase (ExTaq; Takara). The PCR programs contained the initial denaturation of 5 min at 95°C, followed by 32 cycles of 30 s at 95°C, 30 s at 58°C and 40 s at 72°C, and a final 5 min extension at 72°C in a LabCycler 96 Cycler (Senso Quest, Beijing, China). Amplicons were determined under UV fluorescence following electrophoresis in 2% agarose gels with ethidium bromide staining. The reaction mixtures without genomic templates were used as a negative control.

The Multiplex ET-PCR Reaction
-----------------------------

For the multiplex reactions, three sets of ET-PCR primers were combined into a single reaction mixture for multiplex analysis. The ET-PCR methodology was carried out as the following system: 25 μl reaction volume containing 0.2 μM S. p-EF, 0.2 μM S. p-R primer, 0.2 μM S. a-EF, 0.2 μM S. a-R primer, 0.2 μM E. f-EF, 0.2 μM E. f-R primer, 2 × Premix (Takara Bio, Inc., Otsu, Japan) Ex Taq TM, 1.5 μl (15 U) of BstUI endonuclease, and 1 μl each of *S. pneumoniae, S. aureus*, and *E. faecalis* DNA template. A series of genomic DNA templates (2.5 × 10^7^, 2.5 × 10^6^, 2.5 × 10^5^, 2.5 × 10^4^, 2.5 × 10^3^, 2.5 × 10^2^, 2.5 × 10^1^, and 2.5 × 10^0^ fg per microliter) of pure *S. pneumoniae* (ATCC 700674), *S. aureus* (ICDC-NP001) and *E. faecalis* (ATCC 51299) strains were applied to test the analytical sensitivity of the multiplex ET-PCR assay.

The multiplex ET-PCR mixtures were conducted using the PCR settings of pre-denaturation at 95°C for 60 s, 40 cycles of denaturation at 95°C for 5 s, and extension at 60°C for 40 s in real-time system (Rotor-Gene Q, Qiagen). Fluorescence readings were simultaneously obtained using HEX, Cy5 and FAM channels. Moreover, analysis of each dilution was determined at least four replicates, and mixtures without templates were selected as a negative control.

Evaluation of Specificity of the ET-PCR Technique
-------------------------------------------------

For the ET-PCR specificity examination, the multiplex ET-PCR reaction was conducted under the conditions described above with pure genomic templates from various strains (**Table [2](#T2){ref-type="table"}**). At least two replicates of each sample were independently tested.

Practical Application of ET-PCR to *S. pneumoniae, S. aureus*, and *E. faecalis* in Blood Samples
-------------------------------------------------------------------------------------------------

The human blood samples were acquired from a healthy donor with the written informed consent. Our study was reviewed and approved by the ethics committee of the National Institute for Communicable Disease Control and Prevention, China CDC, according to the medical research regulations of the Ministry of Health China (Approval No. ICDC2014003).

In order to evaluate the utility of ET-PCR technique, three strains, including *S. pneumoniae* (ATCC 700674), *S. aureus* (ICDC-NPSau001), and *E. faecalis* (ATCC 51299), were used to test the sensitivity of the ET-PCR in blood samples. Firstly, three bacteria suspensions (with an optical density at 0.6), which contained *S. pneumoniae, S. aureus*, and *E. faecalis* strains, respectively, were prepared in 1 ml of sterile saline. The numbers of colony forming units (CFU) in the three suspensions were estimated using a plate-counting method according to previous report ([@B7]). In brief, serial 10-fold dilution (10^-1^--10^-8^) of three suspensions was performed, and the aliquots of 100 μl appropriate dilution (10^-6^) were plated on blood agar in triplicate. The numbers of CFU were counted after 24 h at 37°C. Then, the aliquots 100 μl of each suspension with appropriate dilutions (10^-3^, 10^-4^, 10^-5^, 10^-6^, and 10^-7^) were simultaneously added into the blood samples (700 μl), and the numbers of *S. pneumoniae* were adjusted to approximate 6500, 650, 65, 6.5, and 0.65 CFU/ml, *S. aureus* for 68000, 6800, 680, 68, and 6.8 CFU/ml, and *E. faecalis* for 71000, 7100, 710, 71, and 7.1 CFU/ml. Aliquots (100 μl) of the artificially contaminated blood samples were subjected to extract genomic DNA, and the templates were eluted in 10 μl of Qiagen elution buffer. Aliquots (2 μl) of extracted DNA were used for ET-PCR, qPCR (SYBR Green) and end-point PCR reaction. Non-contamination blood sample was chosen as negative control. This performance was independently conducted in twice.

Results
=======

The ET-PCR Design
-----------------

The ET-PCR design and reaction mechanism is depicted in **Figure [1](#F1){ref-type="fig"}**. The ET-PCR chemistry, which integrates PCR technique, restriction endonuclease cleavage and real-time fluorescence detection methodology, provides an appealing strategy for nucleic acid analysis. For the ET-PCR chemistry, the traditional forward primer (F) or reverse primer (R) was modified at 5′ end with a short sequence (Ss) that can be recognized by restriction enzyme BstUI, and the novel F or R primer was called EF or ER. The novel EF or ER is labeled with a reporter dye at 5′ end and in the middle with a quenching dye (**Figure [1A](#F1){ref-type="fig"}**). The quenching dye and reporter dye are very close to each other, thus this effectively prevent the emitted fluorescence of the reporter molecule. One reporter dye is assigned to one ET-PCR primer set, thus the ET-PCR chemistry achieve real-time analysis of multiple, distinct sequences in a single vessel using the novel EF or ER primer.

In ET-PCR system, the restriction enzyme BstUI, which recognize target sequence 5′-CGCG-3′ and cut sequence 5′-CG-3′ at temperatures from 55 to 65°C, is used for the ET-PCR chemistry. Importantly, the nuclease activity of BstUI does not be destroyed at high temperature, when the double-stranded DNA is denatured into single-stranded DNA. To protect the recognition site, an additional base (T) was added to the 5′ end of target recognition site (5′-CGCG-3′). The only constraint is that the targeted region must not contain this restriction site. In order to construct EF or ER primer, the sequence 5′-TCGCG-3′ can be attached to the 5′ end of any F or R primers, and the EF or ER maintains its function as a conventional PCR primer with the added advantage of simultaneous real-time analysis of the ET-PCR reaction by generating the fluorophore signal (**Figure [1B](#F1){ref-type="fig"}**).

The Primer Design of ET-PCR Chemistry
-------------------------------------

For demonstrating the principle of ET-PCR technique, we chose the *ply, nuc*, and *Ef0027* genes, which were specific for *S. pneumoniae, S. aureus*, and *E. faecalis* species, as model targets. Three sets of ET-PCR primers, which only required recognition of two distinct regions on the target sequences, were designed by using PRIMER PREMIER software version 5.0, just like conventional PCR chemistry. The specificity of ET-PCR primers was determined using the National Center for Biotechnology Information Basic Local Alignment Search Tool. The details of ET-PCR primer design, sequence and location were listed in **Figure [2](#F2){ref-type="fig"}** and **Table [1](#T1){ref-type="table"}**.

Confirmation of ET-PCR Products
-------------------------------

In order to confirm the correct amplification of ET-PCR, the ET-PCR reactions were conducted in the presence or absence of templates according to the standard system. Two monitor techniques, including real-time detection and agarose gel electrophoresis, were used for analyzing the ET-PCR reaction. As expected, the release of quenching was observed as a robust increase of HEX, Cy5, and FAM signals in the positive results, but not in negative control (**Figures [3A,C,E](#F3){ref-type="fig"}**). The ET-PCR products were electrophoresed to demonstrate the presence of the expected 89-bp (*S. pneumoniae*), 93-bp (*S. aureus*), and 80-bp (*E. faecalis*) bands (**Figures [3B,D,F](#F3){ref-type="fig"}**). Hence, each pair of ET-PCR primers could amplify the predicted product specifically from the genomic templates of the corresponding pathogen, which was demonstrated by real-time detection and agarose gel electrophoresis.

![**Confirmation and detection of ET-PCR products. (A)**, **(C)**, and **(E)**, the ET-PCR was detected by means of real-time format, and the three figures were obtained from HEX (labeling S. p-EF of *ply*), Cy5 (labeling S. a-EF of *nuc*), and FAM (labeling E. f-EF of *Ef0027*) channels. Signals A1, C1, and E1 indicate *Streptococcus pneumoniae, Staphylococcus aureus*, and *Enterococcus faecalis* strains in HEX, Cy5, and FAM channels, respectively, and signals A2, C2, and E2 for negative control. **(B)**, **(D)**, and **(F)**, agarose gel electrophoresis applied to ET-PCR products; lane 1, DL 50-bp DNA markers, lane 2, positive ET-PCR products; lane 3, negative control (no DNA).](fmicb-07-01104-g003){#F3}

Real-Time Analysis of a Single Target in an ET-PCR Reaction
-----------------------------------------------------------

We examined the ET-PCR analysis in a single target format by separately amplifying *ply* (*S. pneumoniae*-specific gene), *nuc* (*S. aureus*-specific gene), and *Ef0027* (*E. faecalis*-specific gene) with pure genomic templates from *S. pneumoniae* (ATCC700674), *S. aureus* (ICDC-NP001), and *E. faecalis* (ATCC51299), respectively. These fluorescent intensity-reaction cycle curves synchronized very well among four replicates containing same dilution of target DNA. The release of quenching was obtained from 2.5 × 10^7^ to 2.5 × 10^2^ fg of sample DNA, and the HEX, Cy5 and FAM signals corresponded to *S. pneumoniae, S. aureus*, and *E. faecalis* detection, respectively (**Figures [4A,C,E](#F4){ref-type="fig"}**). In order to quantitatively analyze the ET-PCR reactions, the plot of initial amount of sample DNA for a set of known standards (10-fold serial dilution) versus CT (threshold cycle) was a straight line (the standard curve), which was analogy to the others real-time PCR analysis (**Figures [4B,D,F](#F4){ref-type="fig"}**). The analytical sensitivity of ET-PCR for *S. pneumoniae, S. aureus*, and *E. faecalis* detection was 2.5 × 10^2^ fg per reaction, which was in conformity with the conventional qPCR (SYBR) analysis and 100-fold more sensitive than end-point PCR detection (**Figures [5](#F5){ref-type="fig"}** and **[6](#F6){ref-type="fig"}**; **Table [3](#T3){ref-type="table"}**).

![**The analytical sensitivity of ET-PCR assay for detecting a single target.** Three sets of ET-PCR primer targeting *ply, nuc*, and *Ef0027* genes were in different reactions: *S. pneumoniae* **(A)**, *S. aureus* **(C)**, and *E. faecalis* **(E)**. The DNA levels from 2.5 × 10^7^ to 2.5 × 10^2^ fg per tube provide the positive signals, 2.5 × 10^1^ and 2.5 × 10^0^ fg per reaction and negative control generate negative signal. (**B;** *S. pneumoniae*), (**D**; *S. aureus*), and (**F**; *E. faecalis*), *C*~t~ was plotted against the sample DNA concentration (fg) of the reactions.](fmicb-07-01104-g004){#F4}

![**The analytical sensitivity of conventional qPCR (SYBR Green) assay for detecting a single target.** Three sets of conventional qPCR primer targeting *ply, nuc*, and *Ef0027* genes were in different reactions: *S. pneumoniae* **(A)**, *S. aureus* **(C)**, and *E. faecalis* **(E)**. The DNA levels from 2.5 × 10^7^ to 2.5 × 10^2^ fg per tube provide the positive signals, 2.5 × 10^1^ and 2.5 × 10^0^ fg per reaction and negative control generate negative signal. (**B;** *S. pneumoniae*), (**D**; *S. aureus*), and (**F**; *E. faecalis*), *C*~t~ was plotted against the sample DNA concentration (fg) of the reactions.](fmicb-07-01104-g005){#F5}

![**The analytical sensitivity of conventional PCR assay for detecting a single target.** Three sets of conventional PCR primer targeting *ply, nuc*, and *Ef0027* genes were in different reactions: *S. pneumoniae* **(A)**, *S. aureus* **(B)**, and *E. faecalis* **(C)**. Agarose gel electrophoresis was applied to monitor the traditional PCR products; lane M, DL 50-bp DNA markers, lanes 1--8, the genomic DNA levels of 2.5 × 10^7^, 2.5 × 10^6^, 2.5 × 10^5^, 2.5 × 10^4^, 2.5 × 10^3^, 2.5 × 10^2^, 2.5 × 10^1^, and 2.5 × 10^0^ fg per reaction; lane 9, NC (negative control). The DNA levels from 2.5 × 10^7^ to 2.5 × 10^4^ fg per tube provide the positive signals, 2.5 × 10^3^ and 2.5 × 10^0^ fg per reaction and negative control generate negative signal.](fmicb-07-01104-g006){#F6}

###### 

The analytical sensitivity for ET-PCR targeting *ply, nuc*, and *Ef0027* genes compared with that of conventional qPCR (SYBR Green) and PCR approaches.

  Assays     Regions recognized   Multiplex detection   LoD for *S. pneumoniae*/S. *aureus*/*E. faecalis* (fg/reaction)   Fastest time (minutes)   LoD time (minutes)
  ---------- -------------------- --------------------- ----------------------------------------------------------------- ------------------------ --------------------
  S-ET-PCR   2                    \-                    2.5 × 10^2^/2.5 × 10^2^/2.5 × 10^2^                               21                       49
  M-ET-PCR   2                    \+                    2.5 × 10^2^/2.5 × 10^2^/2.5 × 10^2^                               24                       55
  qPCR       2                    \-                    2.5 × 10^2^/2.5 × 10^2^/2.5 × 10^2^                               20                       49
  PCR        2                    \-                    2.5 × 10^4^/2.5 × 10^4^/2.5 × 10^4^                               150                      150

LoD, limit of detection; S-ET-PCR, singlex ET-PCR; M-ET-PCR, multiplex ET-PCR. The LoD values are the lowest genomic DNA level that was positively amplified in triplicate. The positive results of ET-PCR and qPCR were obtained as

c

t

values, which converted to time for detection.

Real-Time Analysis of Multiplex Targets in an ET-PCR Reaction
-------------------------------------------------------------

In order to ensure simultaneous, reliable and correct amplification of multiple target pathogens, the multiplex ET-PCR assay was designed based on the singlex ET-PCR assays above. The three sets of primers were combined into a single reaction mixture for multiplex ET-PCR analysis, and the amount of three primer pairs was adjusted to achieve rubost multiplex ET-PCR analysis and eliminate the interaction occurred between the three primer sets. The ET-PCR amplification of each genomic DNA was unaffected by the presence of templates (2.5 × 10^7^ to 2.5 × 10^2^ fg) from the other two targets. In the multiplex ET-PCR reactions, the analytical sensitivity for *S. pneumoniae, S. aureus*, and *E. faecalis* detection also was 250 fg per reaction, which was in conformity with singlex ET-PCR detection (**Figures [7A,C,E](#F7){ref-type="fig"}**). Three targets, which were simultaneously added into a single reaction mixture, could be correctly identified by the multiplex ET-PCR analysis. Furthermore, three standard curves were also generated in the three-targets analysis by ET-PCR chemistry, which could be applied for quantitation of the amount of target in the unknown samples (**Figures [7B,D,F](#F7){ref-type="fig"}**).

![**The analytical sensitivity of ET-PCR assay for simultaneously detecting three targets.** Three sets of ET-PCR primer targeting *ply, nuc*, and *Ef0027* genes were used in the same reaction. **(A)**, **(C),** and **(E)** were simultaneously yielded from HEX (labeling EF of *ply*), Cy5 (labeling EF of *nuc*), and FAM (labeling EF of *Ef0027*), respectively. The DNA levels from 2.5 × 10^7^ to 2.5 × 10^2^ fg per tube provide the positive signals, 2.5 × 10^1^ and 2.5 × 10^0^ fg per reaction and negative control generate negative signal. (**B**; *S. pneumoniae*), (**D**; *S. aureus*), and (**F**; *E. faecalis*), *C*~t~ was plotted against the sample DNA concentration (fg) of the reactions.](fmicb-07-01104-g007){#F7}

Analytical Specificity of the Multiplex ET-PCR Methodology
----------------------------------------------------------

The specificity of multiplex ET-PCR assay was examined in relation to data with purely genomic templates from 44-*S. pneumoniae*, 25-*S. aureus*, 22-*E. faecalis*, 21 non-*S. pneumoniae*, non-*S. aureus*, and non-*E. faecalis* strains (**Table [2](#T2){ref-type="table"}**). The positive fluorescence signals were yielded only when genomic DNAs of *S. pneumoniae, S. aureus*, and *E. faecalis* strains were use as the templates for ET-PCR analysis, and the target pathogens could be correctly differentiated (**Figure [8](#F8){ref-type="fig"}**). In contrast, no positive signals were generated with any of the samples from non-*S. pneumoniae*, non-*S. aureus*, non-*E. faecalis* strains and negative control. These results suggested the specificity of ET-PCR assay was 100% in this report.

![**The analytical specificity of multiplex ET-PCR detection of different strains.** The multiplex ET-PCR reactions were carried out using different genomic templates and were analyzed by means of real-time detection. **(A--C)** were simultaneously generated from HEX, Cy5, and FAM channels, respectively. Signals 1-6, strains of *S. pneumoniae* (ATCC6314), *S. pneumoniae* (ATCC49619), *S. pneumoniae* (ATCCBAA660), *S. pneumoniae* (ATCC700669), *S. pneumoniae* (ATCCBAA659), *S. pneumoniae* (ATCCBAA658); signals 7--12, *S. aureus* (ICDC-NPSau001), *S. aureus* (ICDC-NPSau002), *S. aureus* (ICDC-NPSau003), *S. aureus* (ICDC-NPSau004), *S. aureus* (ICDC-NPSau005), *S. aureus* (ICDC-NPSau006, Isolated strains); signals 13--14, *E. faecalis* (ATCC35667), and *E. faecalis* (ICDC-NPEf001). Signals 13--35, non-*S. pneumoniae*, non-*S. aureus*, non-*E. faecalis* strains of *Enteroinvasive Escherichia coli, Enteropathogenic E. coli, Enterotoxigenic E. coli, Enteroaggregative E. coli, Enteroaggregative E. coli, Enterohemorrhagic E. coli, Enterobacter cloacae, Plesiomonas shigelloides, Yersinia enterocolitica, Bntorobater sakazakii, Vibrio cholera, Shigella boydii, Shigella flexneri, Vibrio parahaemolyticus, Enterotoxigenic faecium, Listeria monocytogenes, V. vulnificus, Salmonella, Campylobacter jejuni, Bacillus cereus*, and *Pseudomonas aeruginosa*, signal 36, negative control.](fmicb-07-01104-g008){#F8}

Practical Application of ET-PCR to Target Pathogens in Blood Samples
--------------------------------------------------------------------

In order to validate the usability of ET-PCR chemistry as a nucleic acid analysis tool, we analyzed the artificially contaminated blood samples with three target microorganisms by using ET-PCR and conventional approaches. The multiplex ET-PCR assay generated the positive fluorescence signals when the contaminated numbers of *S. pneumoniae, S. aureus*, and *E. faecalis* were more than 650 CFU/ml (\~13 CFU/reaction), 680 CFU/ml (\~13.6 CFU/reaction), and 710 CFU/ml (\~14.2 CFU/reaction), respectively, and the three targets were simultaneously distinguished in the same sample (**Table [4](#T4){ref-type="table"}**). No positive signals were obtained from negative control (non-contaminated blood samples). Comparatively, the analytical sensitivity of ET-PCR for blood samples was consistent with the conventional qPCR (SYBR) analysis and 10-fold more sensitive than that of end-point PCR approach (**Table [4](#T4){ref-type="table"}**).

###### 

Comparison of ET-PCR, qPCR (SYBR) and PCR assays for detection of *S. pneumonia, S. aureus*, and *E. faeclis* in artificially contaminated blood samples.

  Detection methods^a^   Multiplex detection   LoD (no./reaction)                                    
  ---------------------- --------------------- -------------------------- -------------------------- --------------------------
  M-ET-PCR               \+                    13 CFU \~ (650 CFU/ml)     13.6 CFU \~ (680 CFU/ml)   14.2 CFU \~ (710 CFU/ml)
  qPCR                   \-                    13 CFU \~ (650 CFU/ml)     13.6 CFU \~ (680 CFU/ml)   14.2 CFU \~ (710 CFU/ml)
  PCR                    \-                    130 CFU \~ (6500 CFU/ml)   136 CFU \~ (6800 CFU/ml)   142 CFU \~ (7100 CFU/ml)

a

M-ET-PCR, multiplex ET-PCR.

Discussion
==========

A novel ET-PCR chemistry, which merged the conventional PCR chemistry and restriction endonuclease digestion with the use of fluorescent reporter dye for monitoring the production of PCR products during each amplification cycle, was successfully devised and evaluated for nucleic acid analysis in this study. The ET-PCR technique combined the advantage of conventional PCR assay in which one pair of primers was required and real-time detection systems. The performers could use the PCR primer design software (e.g., Blast Primer, DNAMAN, Primer 5) to design a pair of the ET-PCR primer, thus the primer design for ET-PCR was very convenient and easy, just like PCR. Then, only a short sequence (Ss, 5′-TCGCG-3′) was attached to the 5′ end of PCR primer (F/R) to construct the EF/ER primer. In order to perform the ET-PCR assay, a target sequence, even as short as 40 base pairs, could be used for designing ET-PCR primers to conduct the ET-PCR test. The ET-PCR technique could continuously analyze the PCR products formation in the entire process by measuring the fluorescent signals generated from specific labeled EF/ER primer, eliminating a post-PCR analysis, thus had advantages on low contamination risk and less hand-on time.

In the ET-PCR system, EF/ER primer was modified at the 5′ end with a reporter dye and in the middle with a quenching molecule, and one reporter molecule corresponding to fluorescent channel was assigned to one target. Hence, the ET-PCR could be in singlex or multiplex analysis. The key feature of the ET-PCR chemistry was use of BstUI for specifically cutting the double-stranded recognition sequences (Ss, 5′-TCG-3′ and its Cs) during the extension phase, which separated the reporter molecule from the quenching dye leading to a fluorescent signal proportional to the amount of PCR products (**Figure [1](#F1){ref-type="fig"}**). Thus, the fluorescence was also measured during this phase. Importantly, this process was repeated in each ET-PCR cycle and unaffected the exponential synthesis of the PCR amplicons. By plotting cycle number versus fluorescence increment, the ET-PCR system yielded a graph that offered a more complete picture of the reaction process (**Figures [4](#F4){ref-type="fig"}** and **[7](#F7){ref-type="fig"}**). Moreover, BstUI could perform the digestion of target site from 55 to 65°C, which allowed researchers to set the *T*~m~ value of ET-PCR primers with greater flexibility according to the characteristics of target nucleic acid sequences (e.g., GC content).

The ET-PCR chemistry presented here displayed advantages over existing several fluorescent systems, which were established for real-time PCR ([@B8]). First, the ET-PCR technique did not require any intercalating dyes (e.g., SYBR green), obviating the disadvantages posed by intercalating molecules, for example high tendency to inhibit PCR ([@B12]). Second, an additional fluorescence probe (e.g., TaqMan probe), which was complementary to a sequence locating between the PCR primers, was not included in the ET-PCR system, simplifying the primer design and reducing the cost ([@B6]; [@B20]). Third, ET-PCR technology did not rely on the complex hairpin/stem-and-loop configuration (e.g., molecular beacons), which could lead to dimer-primers or amplification of unspecific products ([@B8]). Fourth, due to only require one pair of primers, the great advantage of ET-PCR technology was for multiplexing, where complementarity could be effectively avoided between primers and probes. Hence, several target sequences were amplified in the same vessel and differentiated in parallel. Theoretically, in *n*-plex ET-PCR reaction, there were 2*n* types of primers in one vessel when *n*-plex ET-PCR were conducted for detecting *n* different target sequences, which was similar to multiplex PCR assay. The primer design of multiplex ET-PCR assay is very important, as several sets of ET-PCR primers should have similar annealing temperature to ensure the robust generation of reliable ET-PCR products. Moreover, the concentration of ET-PCR primers should be adjusted to achieve the optimal amplification of multiplex ET-PCR technique, because interaction may occur between the multiple sets of ET-PCR primers, such as primer dimers.

As a proof of concept, three pathogens (*S. pneumoniae, S. aureus*, and *E. faecalis*), which were responsible for the majority of episodes of bacteremia in patients admitted to the intensive care unit (ICU), were employed to demonstrate the mechanism and applicability of ET-PCR chemistry for nucleic acid analysis ([@B3]). In the singlex ET-PCR reaction, the analytical sensitivity for *S. pneumoniae, S. aureus*, and *E. faecalis* was 2.5 × 10^2^ fg purified DNA per tube, which was 10-fold more sensitivity than end-point PCR assays. Then, we combined primers for three target pathogens in a multiplex ET-PCR assay, and the LoD (2.5 × 10^2^ fg DNA of each target) was in complete accordance with the single-target detection. Thus, the ET-PCR amplification of each target was unaffected by presence of templates from the other two pathogens in a single tube assay. The newly established ET-PCR approach could correctly distinguish the three pathogens in a single reaction tube with easily interpretable results. Furthermore, the strong linear correlation (*R*^2^ = 0.988--0.999) between the amount of target templates in the singlex/multiplex ET-PCR reaction and the associated *C*~t~ values over a dynamic range of DNA concentrations (2.5 × 10^7^ to 2.5 × 10^2^ fg/reaction in the pure culture) verified the quantitative capability of ET-PCR approach when detecting the target pathogens in singlex and multiplex reactions (**Figures [4](#F4){ref-type="fig"}** and **[7](#F7){ref-type="fig"}**). Then, the practical application of ET-PCR approach was successfully determined by detecting the target pathogens in blood samples with high sensitivity and specificity (**Table [4](#T4){ref-type="table"}**). For the ET-PCR assay specificity examination, the positive results were generated from *S. pneumoniae, S. aureus*, and *E. faecalis* stains, and no positive fluorescence signal was observed in the assay of non-*S. pneumoniae*, non-*S. aureus*, non-*E. faecalis* stains (**Figure [8](#F8){ref-type="fig"}**).

Conclusion
==========

The ET-PCR chemistry, which is an extension of conventional PCR chemistry to accommodate real-time analysis of nucleic acid sequences, has the advantages on simple design of primer, high sensitivity and specificity, less hand-on time, low contamination risk, and multiplex analysis. Therefore, these traits will motivate the researchers to explore its application in clinical diagnostics, basic research, agriculture, and many other fields.
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